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a b s t r a c t

With the rapid development of nanotechnology, there is a growing interest on the application of nanopar-
ticles in various fields such as photonics, catalysis, magnetics, and biotechnology including cosmetics,
pharmaceutics, and medicines. However, little is known about their potential toxicity to human health.
Owing to their special properties, nanoparticles have the capacity to bypass the blood–brain barrier (BBB).
However, the toxic effects of nanoparticles on central nervous system (CNS) function are still lacking. And
the interactions of nanoparticles with the cells and tissues in CNS are poorly understood. Thus, neuro-
toxicity induced by nanoparticles is still a new topic that requires more attention. In this review, we
Neurotoxicity
Nanoparticles
Polymer nanocarrier

summarized the pathways by which the nanoparticles could enter into the CNS and the recent investiga-
tions on the neurotoxicity of nanoparticles both in vitro and in vivo, as well as the potential mechanisms.
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Furthermore, the future direction in the neurotoxicity studies of nanoparticles is also discussed.
© 2010 Elsevier B.V. All rights reserved.

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2. The brain as a target for NPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
3. Neurotoxicity studies of NP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

3.1. In vitro studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
3.2. In vivo studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
. . . .
. . . .

ngestion, dermal penetration, and injection, followed by the distri-
ution of these nanoparticles to various tissues through systemic
irculation (Burch, 2002; Takenaka et al., 2001). Typically, after
ystemic administration, the nanoparticles are small enough to
enetrate very small capillaries throughout the body, and there-
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fore they could offer the most effective approach to target certain
tissues (Braydich-Stolle et al., 2005) such as brain and can affect
the physiology of any cell in an animal body (Brooking et al., 2001).
Particularly, site-specific drug targeting using nanoparticle drug
carrier systems have been developed, and nanoparticle-based drug
brain-targeting delivery systems have been introduced in the treat-
ment of brain diseases (Kreuter, 2001; Roney et al., 2005).

In the past few decades, the population of people older than
65 years has been increasing fast. They are at high risk of hav-
ing brain disease such as Alzheimer’s disease (Farrer, 2001). Also,
the incidence of primary brain tumors has been increasing at an
alarming rate (Basso et al., 2001; Orringer et al., 2009). Tremen-
dous efforts have been focused on the chemotherapy of the CNS
4. The mechanisms of neuron injury by ambient and metal NPs . . . . . . . .
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1. Introduction

The rapid development of nanotechnology has led to the wide
application of nanoparticles (NPs) in various fields such as photon-
ics, catalysis, magnetics, and biotechnology including cosmetics,
pharmaceutics, and medicines (Donaldson, 2006; Kagan et al.,
2005; Linkov et al., 2008; Medina et al., 2007). However, there
is a lack of information concerning the impact of NPs on human
health, as it was proved that the nanoparticles could be admin-
istered to human body by several routes including inhalation,
diseases. However, the existence of the blood–brain barrier (BBB),
which limits the entry of many substances into the brain, makes it
difficult to deliver drugs to lesions within the CNS. The nanocar-
riers appear to be a promising drug brain-targeting strategy, as
evidenced by a number of studies (Borm and Muller-Schulte,

http://www.sciencedirect.com/science/journal/03785173
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Table 1
Transport of nanoparticles to the brain.

Nanoparticle (particle size) Animal model Route of administration Results References

Non-degradable NPs
Quantum dot (QDs) coated by hydroxyl

group modified silica networks
(21.3 ± 2 nm)

Mice Intravenously QDs were found to rarely distribute in the
brain.

Chen et al. (2008)

Silica-overcoated magnetic nanoparticles
(50 nm)

Mice Intraperitoneally Nanoparticles were detected in the brain. Kim et al. (2006)

Nanosized TiO(2) particles (25, 80 and
155 nm)

Mice Gastrointestinal
administration

The mice had a slight brain lesion associated
with exposure to TiO2 particles.

Wang et al. (2007b)

Fe2O3 NPs (280 ± 80 nm) Mice Intranasally A deep brain penetration of the NPs and its
potential to disrupt the cellular morphology in
the hippocampus were observed.

Wang et al. (2007a)

Fluorescent magnetic nanoparticles (FMNPs)
(50 nm)

Mice Inhalation FMNPs were found to distribute in the brain. Kwon et al. (2008)

MnO, Mn2O3 NPs (30 nm) Rats Inhalation NPs were detected in olfactory bulbs and in
deep brain structures such as the cortex and
cerebellum.

Elder et al. (2006)

13C NPs (about 36 nm) Rats Inhalation A significant and persistent increase of 13C NPs
in the olfactory bulbs.

Oberdorster et al. (2004)

Degradable polymer NPs
Long-circulating PEGylated cyanoacrylate

NPs (100–200 nm)
Mice and rats i.v. injection PEGylated PHDCA nanoparticles penetrated

into the brain to a large extent.
Calvo et al. (2001)

Dalargin absorbed on polysorbate-80 coated
PBCA NPs (230 nm)

Mice i.v. injection Nanoparticle could deliver dalargin across the
BBB.

Kreuter et al. (1995)

Dalargin adsorbed on polysorbate-80 coated
PBCA NPs (200–300 nm)

NMRI mice i.v. injection and oral
administration

Polysorbate 85 (Tween 85) stabilized and
dalargin-loaded nanoparticles are able to
induce a central analgesic effect after i.v.
application as well as after oral treatment.

Schroeder et al. (1998)

Doxorubicin bound to polysorbate-coated
NPs (270 ± 20 nm)

Rat i.v. injection Doxorubicin bound to NPs could crossed the
intact blood–brain barrier, thus reaching
therapeutic concentrations in the brain.

Steiniger et al. (2004)
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Lectin-conjugated PEG–PLA nanoparticles
(70–80 nm)

Rats Intranasally

Delivery of nimodipine by
methoxy-PEG–PLA NPs (76.5 nm)

Rats Intranasally

006; Kreuter, 2001). Poly(butyl cyanoacrylate) (PBCA) nanopar-
icles coated with polysorbate 80 facilitate the brain delivery of
number of drugs that are unable to cross the BBB in their free

orm (Kreuter, 2001). Subsequently, different types of the nanopar-
icles, such as poly(alkyl cyanoacrylate) (Calvo et al., 2001), human
erum albumin (Michaelis et al., 2006), and solid lipid nanoparticles
Goppert and Muller, 2005), employing polysorbate 80 as a coating
urfactant, were proved to be effective in brain targeting. Moreover,
ome inorganic NPs are engineered to carry MRI contrast agents,
uorescent and visible dyes, chemotherapeutic agents and photo-
ensitizers to brain for the diagnosis and positioning. For example,
large variety of colloidal dispersions of Super Paramagnetic Iron
xide Nanoparticles (SPIONs) have been developed and explored

or a range of new biological, biomedical, and diagnostic applica-
ions with regard to their magnetic properties (Cengelli et al., 2006;
orot et al., 2004; Kircher et al., 2003).

However, due to their special physicochemical properties, such
s large surface area, the nanoparticles may cause neurotoxic-
ty after entering into the brain. Therefore, the evaluation of the
otential neurotoxic effects of these nanoparticles on CNS func-
ion is required, as specific mechanisms and pathways through
hich nanoparticles may exert their toxic effects remain largely
nknown.

The BBB is a specialized system that separates blood from cere-
rospinal fluid. It consists of endothelial cells connected by complex
ight junctions, which restrict the access of large or hydrophilic
ompounds to the brain (Begley, 1996). However, NPs made of dif-
erent materials could cross the BBB (Kreuter, 2001). Also, NPs can
ove inside the brain from the nasal cavity (Oberdorster et al.,
004) (Table 1). As certain NPs are not easily eliminated by phys-

ological clearance systems, they could accumulate within brain
o elicit further cytotoxicity. Several reports showed that the NPs
ould enter into the brain and cause tissue injury (Medina et al.,
There was a twofold increase in the brain
uptake of WGA-conjugated nanoparticles.

Gao et al. (2006)

Significant enhancement of nimodipine in the
CSF and olfactory bulb was reported.

Zhang et al. (2006)

2007; Sharma, 2007). As it is difficult for the therapeutic drugs
to cross BBB, the treatment of this injury mostly depends on the
self-regenerative ability of neurons within the CNS. However, the
self-regenerative ability of neurons is limited. Therefore, the neu-
rotoxicity of NPs should be carefully evaluated. However, there are
very few studies investigating the neurotoxic effects of nanoma-
terials, and no guidelines are presently available to quantify these
effects.

Here, we summarized the pathways by which the nanoparti-
cles could enter into the CNS, and the recent investigations of the
nanoparticle neurotoxicity both in vitro and in vivo, as well as the
potential mechanisms. Lastly, we discussed the future directions in
the neurotoxicity studies of nanoparticles.

2. The brain as a target for NPs

Generally, most molecules cannot cross the BBB, as BBB is a tight
barrier to protect the brain from the penetration of xenobiotics.
However, NPs made of certain materials and with varying particle
sizes can overcome this physical barrier and enter into the brain,
or enter into the brain by the nerve endings of the olfactory bulb
(Koziara et al., 2006; Kreuter, 2001; Kreuter et al., 1995) (Table 1).
NPs were capable of being administered to human body via sev-
eral routes including inhalation, oral administration, and injection
(Table 1) (Chen et al., 2008; Schroeder et al., 1998; Wang et al.,
2007a).

Generally, the specific mechanisms of the most nanoparticle
targeting to the brain have yet to be elucidated. So far, two dif-

ferent pathways have been proposed (Borm and Muller-Schulte,
2006). The first pathway for NPs to reach the brain involves the
uptake of nanoparticles by sensory nerve endings embedded in
airway epithelia, followed by axonal translocation to CNS struc-
tures. In addition, nanoparticles can be taken up by the nerve
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ndings of the olfactory bulb and translocated to the CNS (Medina
t al., 2007; Oberdorster et al., 2004). This pathway has been
tudied primarily using carbon, Au and MnO2 nanoparticles in
xperimental inhalation models (Oberdorster et al., 2005). For
xample, the translocation of ultrafine 13C particles (35 nm) was
etected in the brain olfactory bulb after inhalation exposure.
ther reports (Donaldson, 2006; Peters et al., 2004) also showed

hat inhaled carbon NPs could enter into the brain via the olfac-
ory epithelium and its associated neurons that pass directly
nto the olfactory lobes of the brain. To demonstrate the trans-
ort pathway of nanoparticles within the olfactory region, rats
ere allowed to inhale poorly soluble salts of manganese (MnO,
n2O3) applied as an aerosol. Manganese oxide NPs, with a diam-

ter of 30 nm, were found to move to the brain by the olfactory
oute, proved by the existence of manganese in different parts
f the brain (Elder et al., 2006). Moreover, the penetration of
ntranasally instilled fine Fe2O3 particles into the brain was demon-
trated by Wang et al. (2007a). The micro-distribution map of
ron in the olfactory bulb and brain stem showed an obvious
ncrease of Fe contents in the olfactory nerve and the trigemi-
us of brain stem. The average content of Fe in the exposed
ice was about 31% higher than in the control mice, suggest-

ng that Fe2O3 particles (280 ± 80 nm) were possibly transported
ia uptake by sensory nerve endings of the olfactory nerve and
rigeminus. In order to improve the availability of nanoparticles to
he brain following nasal administration, conjugate biorecognitive
igands–lectins to the surface of poly(ethylene glycol)–poly(lactic
cid) (PEG–PLA) nanoparticles was prepared. Wheat germ agglu-
inin (WGA)-conjugated nanoparticles, including the binding of

GA to N-acetyl-d-glucosamine and sialic acid, which were abun-
antly observed in the nasal cavity, were selected as a model

ectin. There was a twofold increase in the brain uptake of WGA-
onjugated nanoparticles (Gao et al., 2006). The distribution of NPs
n the nasal passage increases not only their CNS targeting potential
ut also the potential for NPs toxicity to sensitive neurons within
he CNS.

The second pathway is the uptake through the BBB via systemic
istribution. It has been extensively studied in drug delivery, as
n approach to deliver drugs to the brain (Kreuter, 2004). Espe-
ially, coating of the NPs with the polysorbate (Tween) surfactants
mproved the transportation of drugs across the blood–brain bar-
ier (Kreuter, 2004). It was shown (Roney et al., 2005) that with
ppropriate surface modifications, NPs could deliver drugs of inter-
st through the BBB for diagnostic and therapeutic applications
n neurological disorders, such as Alzheimer’s disease (AD). The
ntravenously injected doxorubicin-loaded polysorbate 80-coated
anoparticles were found to lead to a 40% cure in rats with intracra-
ially transplanted glioblastomas (Steiniger et al., 2004), indicating
hese NPs could enter into the brain. Schroeder et al. (1998)
lso showed that polysorbate 85-coated poly(butyl cyanoacrylate)
anoparticles may even enable a brain targeting after oral admin-

stration. The physicochemical properties of the NPs at different
urfactant concentrations, stabilizers, and amyloid-affinity agents
ould influence the transport mechanism.

. Neurotoxicity studies of NP

The central nervous system is composed of two parts: the
rain and the spinal cord. Both of them are delicate organs in
uman body which must be protected from the injury to xeno-

iotics. Several drugs could distribute into the CNS and thus cause
nwanted neurotoxicity by themselves (Chow et al., 2003; Screnci
nd McKeage, 1999). Also, recent observations suggests that several
Ps, such as polysorbate 80-coated PBCA NPs and pegylated PLA

mmunonanoparticles, are able to cross BBB (Olivier, 2005; Sharma
Pharmaceutics 394 (2010) 115–121 117

and Sharma, 2007) through intravenous administration and fol-
lowed by the accumulation in the brain. As these NPs have the
capacity to penetrate the BBB, they may subsequently influence the
BBB function and brain physiology and cause severe side effects. So
far, there are already some reports, but not many, which observed
the neurotoxicity of nanoparticles both in vitro and in vivo (Kim et
al., 2008; Pisanic et al., 2007).

3.1. In vitro studies

Several laboratories have reported potential toxic effects of
nanoparticles on different types of cells in vitro (Deng et al., 2009;
Hussain et al., 2006; Long et al., 2007; Pisanic et al., 2007). The
most widely used cell model for NPs neurotoxicity study is PC12
cells which are a cultured neuronal phenotype and was used as a
paradigm for neurobiological and neurochemical studies (Greene
and Tischler, 1976). Changes in cellular viability after exposure to
nanoparticles are assessed using MTT method. For instance, Pisanic
et al. (2007) showed that exposure to increasing concentrations
of anionic magnetic nanoparticles (MNPs), from 0.15 to 15 nm of
iron, resulted in a dose-dependent diminishing viability of PC12
cells using MTT method. Also, the capacity of PC12 cells to extend
neurites was deceased in response to nerve growth factor (NGF).
Hussain et al. (2006) reported that the exposure of PC12 cells
to manganese oxide (Mn-40 nm) particles increased the produc-
tion of reactive oxygen species (ROS) and could deplete dopamine
(DA), dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA) in a dose-dependent manner, while the Ag-15 nm could
produce cell shrinkage and irregular membrane borders. Wang
et al. (2009) examined the expression changes of dopaminergic
system-related genes in PC12 cells induced by manganese, silver, or
copper nanoparticles, and found that Cu-90 nanoparticles induced
dopamine depletion in PC12 cells, which was similar to the effect
induced by Mn-40. The results suggested that Mn and Cu NPs could
induce dopaminergic neurotoxicity and might share some common
mechanisms associated with neurodegeneration.

Besides PC12 cell lines, primary culture cell lines were also
used to assess the neurotoxicity of NPs. To examine the possi-
ble neurotoxicity of TiO2, brain cultures of immortalized mouse
microglia (BV2), rat dopaminergic neurons (N27), and primary cul-
tures of embryonic rat striatum were exposed to Degussa P25, a
kind of commercially available TiO(2) nanomaterial. BV2 microglia,
which was exposed to P25 (2.5–120 ppm), responded with an
immediate and prolonged release of ROS. Microarray analysis on
P25-exposed BV2 microglia indicated up-regulation of inflamma-
tory, apoptotic, and cell cycling pathways, and down-regulation of
energy metabolism. These results indicate that P25 is nontoxic to
isolated N27 neurons, but stimulates BV2 microglia to produce ROS
and damages neurons at low concentrations in cultures of brain
striatum, plausibly though microglial generated ROS (Long et al.,
2007).

Nanosized zinc oxide particles were examined for their neu-
rotoxicity in mouse neural stem cells (Deng et al., 2009). It was
found that ZnO nanoparticles induced cell apoptosis and this tox-
icity comes from the dissolved Zn (2+) in the culture medium or
inside cells.

Generally, the above mentioned NPs of different particle sizes,
ranging from 20 to 300 nm, or produced by different materials could
cause cell apoptosis in vitro, indicating there are potentially harmful
effects of NPs to human health, and further studies on the acute and
long-term effects of NPs in vivo is both warranted and necessary.
3.2. In vivo studies

In vivo studies are necessary to explore the bio-distribution pat-
tern of NPs and provide vital information to assess the neurotoxic
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Table 2
Neurotoxicity of nanoparticles.

Nanoparticle (particle size) Animal model Route of
administration

Results References

Cu, Ag or Al (about 50–60 nm) Rats and mice Intravenous,
intraperitoneal or
intracerebral

Nanoparticles induced brain dysfunction in normal
animals and aggravating the brain pathology caused by
whole-body hyperthermia.

Sharma (2007)

TiO2 (5 nm) Mice Injected into
abdominal cavity

The accumulation of TiO2 nanoparticles in the mouse
brain occurs and caused the oxidative stress and injury
of the brain.

Ma et al. (2009)

Mn oxide (about 30 nm) Rats Inhalation Mn oxide NPs results in the increase of macrophage
inflammatory protein-2, glial fibrillary acidic protein,
and neuronal cell adhesion molecule mRNA level in
the brain region.

Elder et al. (2006)

Ag (25 nm) Mice Intraperitoneally Mouse oxidative stress and antioxidant defense genes
were significantly differentially expressed in the
caudate, frontal cortex and hippocampus, suggesting
Ag-25 NPs have the potential to cause neurotoxicity.

Rahman et al. (2009)

Fe2O3 particle (280 + 80 nm) Mice Intranasal The neuron fatty degeneration occurred in the
hippocampus, implying an adverse impact of
inhalation of fine Fe2O3 particles on CNS.

Kircher et al. (2003)

Ultrafine carbon black (ufCB)
(14 nm or 95 nm)

Mice Intranasal Up-regulation of proinflammatory cytokines mRNA in
brain olfactory bulb, not in the hippocampus of mice
instilled with 14 nm ufCB intranasally.

Tin Tin Win et al. (2006)

nC60 (30–100 nm) Fish NA Significant lipid peroxidation was found in brains. GSH
was also marginally depleted in gills of fish.

Oberdorster (2004)

Titanium dioxide (21 nm) Fish NA The increases of zinc level, decreases of Cu level, and
inhibition of Na+K+-ATPase activity, in the brain.

Ramsden et al. (2009)

Neutral E. wax NPs (about
100 nm)

Rat Brain perfusion Neutral NPs and low concentrations of anionic NPs
were found to have no effect on BBB integrity, whereas,
high concentrations of anionic NPs and cationic NPs
disru
NPs
or ca

Lockman et al. (2004)
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ffects of NPs (Fischer and Chan, 2007; Maurer-Jones et al., 2009)
Table 2).

Studies by Sharma (2007) and Sharma and Sharma (2007)
evealed that intravenous (30 mg/kg), intraperitoneal (50 mg/kg)
r intracerebral (20 �g in 10 �l) administration of Ag, Cu or Al
anoparticles (∼50–60 nm) disrupted the BBB to Evans blue albu-
in in rats and mice in a highly selective and specific manner.
recent study by Kim et al. (2008) also showed that silver

anoparticles produced a diverse set of toxicological changes and
ccumulated in various organs including kidney, live, brain, etc.,
hen the nanoparticles were administered orally. Similarly, after

ntranasal instillation of fine Fe2O3 particle (280 ± 80 nm) suspen-
ion in the mice, it was found that the neuron fatty degeneration
ccurred in the hippocampus, implying an adverse impact of the
nhalation of fine Fe2O3 particles on CNS (Kircher et al., 2003). A
tudy by Ma et al. (2009) also showed that daily abdominal cav-
ty injection for 14 days could result in an accumulation of TiO2
anoparticles in the mouse brain, which caused the oxidative stress
nd injury of the brain. It was suggested that 150 mg/kg body
eight (BW) TiO2 nanoparticulate appeared to trigger a cascade

f reactions such as lipid peroxidation, the decrease of the total
nti-oxidation capacity and activities of antioxidative enzymes,
he excessive release of nitric oxide, the reduction of glutamic
cid, and the down-regulated level of acetylcholinesterase activ-
ties. It was also found that the contents of titanium in the mouse
rain from the 150 mg/kg body BW bulk TiO2 group was sig-
ificantly lower (349.0 ± 17.5 ng/g) than those of the 150 mg/kg
W nanoparticulate anatase TiO2 group (500.2 ± 25.0 ng/g), sug-
esting that nanoparticulate anatase TiO2 migrated into the brain
ore readily or was absorbed more from the circulation than the
ulk TiO2.
The neurotoxicity of NPs was also evaluated by the exami-

ation of the expression level of inflammation related cytokines
n the brain. For instance, the exposure of rats to manganese
Mn) oxide NPs resulted in an increase of macrophage inflam-
pted the BBB. The brain uptake rates of anionic
at lower concentrations were superior to neutral
tionic formulations at the same concentrations.

matory protein-2, glial fibrillary acidic protein, and neuronal cell
adhesion molecule mRNA level in the brain region, indicating
that manganese oxide NPs may cause inflammation in the brain
(Elder et al., 2006). Rahman et al. (2009) evaluated the effects of
silver-25 nm (Ag-25) nanoparticles on gene expression in different
regions of the mouse brain and revealed the expression of genes
varied in the caudate nucleus, frontal cortex and hippocampus of
mice when treated with Ag-25, suggesting that Ag-25 nanoparti-
cles may produce neurotoxicity by generating free radical-induced
oxidative stress and by altering gene expression. The distilla-
tion of ultrafine carbon black (ufCB) (14 nm or 95 nm) into the
nostrils of mice was also found to induce the up-regulation of
proinflammatory cytokines (interleukin-1 beta and tumor necro-
sis factor-alpha) and chemokines (monocyte chemoattractant
protein-1/CCL2, macrophage inflammatory protein-1 alpha/CCL3),
and monokine induced interferon-gamma/CXC chemokine ligand
(CXCL9) mRNA in brain olfactory bulb, thus may influence the brain
immune function (Tin Tin Win et al., 2006).

Using a fish model, Oberdorster (2004) investigated the toxic-
ity of fullerenes NPs on the brain of bass through the evaluation of
oxyradical-induced lipid and protein damage as well as total glu-
tathione (GSH) levels. Significant lipid peroxidation was found in
the brains of largemouth bass after 48 h of exposure to 0.5 ppm
uncoated nC60 (30–100 nm). Therefore, the fullerenes NPs could
cause cell damage in the brains of fish. Also, the dietary exposure to
titanium dioxide nanoparticles in rainbow trout caused the subtle
biochemical disturbances in the brain, such as the increase of zinc
level, decrease of Cu level, and inhibition of Na+K+-ATPase activity
(Ramsden et al., 2009).

The effect of neutral, anionic and cationic charged NPs on BBB

integrity and NP brain permeability was also evaluated by in situ rat
brain perfusion (Lockman et al., 2004). The results showed that neu-
tral NPs and low concentrations of anionic NPs had no effect on BBB
integrity, whereas high concentrations of anionic NPs and cationic
NPs disrupted the BBB and may have an immediate toxic effect
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n the BBB. Therefore, besides the materials that NPs are made up
rom, surface charges should also be considered as an important
actor for nanoparticle neurotoxicity and their brain distribution
rofiling. In this study, it should be noted that concentration is also
n important factor for NPs neurotoxicity. However, by i.v. admin-
stration, the concentration would be less and probably inferior to
oxic concentration observed in this particular study.

. The mechanisms of neuron injury by ambient and metal
Ps

The mechanisms of neuron injury are diverse for such a wide
ariety of materials used (Donaldson, 2006). However, a common
echanism of oxidative stress (OS) caused by surfaces, organ-

cs and metals associated with the NPs has been identified (Nel
t al., 2006; Oberdorster et al., 2004). This oxidative stress leads
o inflammation (Donaldson et al., 2003) and then forms a link
etween the exposure to these particles and the types of adverse
ffects observed (Donaldson et al., 2005). As a number of manu-
actured NPs have already been demonstrated to cause oxidative
tress, this may be a common mechanism of NP toxicity (Donaldson,
006). For example, it was suggested (Rahman et al., 2009) that Ag-
5 nanoparticles have the potential to generate reactive oxygen
pecies (ROS) via a metabolic pathway and induce oxidative stress,
ncluding oxidative DNA damage. Also, the elevated levels of oxida-
ive stress (OS) were found in the brains of Apo E-deficient mice
xposed to concentrated particles, indicating nanoparticle could
ause OS in the brain (Veronesi et al., 2005).

OS caused by free radicals generated by the interaction of
Ps with cells may result in cell death. Evidence of mitochon-
rial distribution and oxidative stress response after endocytosis
f nanoparticles was noted (Chan, 2006; Oberdorster, 2004).
nd it is thought that nanoparticles, such as 60 nm NH2-labeled
olystyrene (PS) nanospheres, may injure cells by gaining access
o cell organelles (such as mitochondria) while larger particles
200 nm NH2-labeled polystyrene (PS) nanospheres) may not (Xia
t al., 2008). In the olfactory bulb, the particles were found to be
ocated mostly within mitochondria. The mechanism for such an
ccumulation is unclear, but it is evident that the translocation of
anoparticles into the mitochondria can lead to cellular toxicity
Mistry et al., 2009; Xia et al., 2008).

ROS is reported to be associated with several neurodegener-
tive disorders such as Parkinson’s disease, Alzheimer’s disease,
nd Huntington’s disease (Mates et al., 1999). Evidence for the
nvolvement of ambient air NPs in these disorders was presented
y studies on biopsies from city dwellers. Alzheimer’s-like pathol-
gy was demonstrated in brain sections by increased markers of
nflammation and AB42-accumulation in frontal cortex and hip-
ocampus in the presence of nanoparticles (Calderon-Garciduenas
t al., 2004). Also inhalation exposure of BALB/c mice to partic-
late matter showed activation of proinflammatory cytokines in
he brain (Campbell et al., 2005). The brain is especially vulnerable
o OS damage because of its high content of easily peroxidizable
nsaturated fatty acids, high oxygen consumption rate, and rela-
ive paucity of antioxidant enzymes compared with other organs
Skaper et al., 1999). NPs possess unique physical and surface prop-
rties and may cause oxidative stress. Therefore, brain could be
ontinuously exposed to ROS generated by the NPs. In the CNS, OS
s largely mediated by the microglia, a macrophage-like, phagocytic
ell that is normally inactive unless confronted by potential dam-

ge and exogenous stimuli (e.g., xenobiotics, chemicals, particles)
Fig. 1). Their immediate response to such stimuli is known as the
oxidative burst” (Colton and Gilbert, 1987; Segal and Abo, 1993)
nd involves a rapid sequence of events that includes an increase in
etabolic activity, a change in cell shape and size, and cytoplasmic
Fig. 1. The representative schematic of neuron injury caused by nanoparticles (NPs).
The exposure of quiescent microglia to NPs results in the elaboration of numerous
pseudopodia which engulfed NPs, and followed by the generation of ROS, which
caused oxidative stress and induced neuron injury.

engulfment (i.e., phagocytosis) of the offending stimuli (Long et al.,
2006, 2007).

Kleinman et al. (2008) found that inhaled ultrafine particu-
late matter could affect CNS inflammatory processes and they also
demonstrated that such effect may be exerted via MAP kinase sig-
naling pathways using apolipoprotein E knockout mice as a model.
Increased nuclear translocation of two key transcription factors,
NF-kappaB and AP-1, being involved in the promotion of inflamma-
tion, was found in the brains of mice exposed to the nanoparticles.
Furthermore, several MAP kinases involved in the activation of
these transcription factors were analyzed and it was found that
JNK in the active form was significantly increased in the animals
receiving a lower concentration of concentrated ambient particles
(CAPs).

Therefore, the neurotoxicity of ambient and mental nanoparti-
cles may be induced initially via the generation of ROS, which could
cause oxidative stress, and followed by the up-regulation of MAP
kinases to activate the MAP signaling pathway. Then, the inflam-
mation related cytokines are highly expressed in the brain to cause
brain injury.

5. Future perspectives

Although various kinds of inorganic nanomaterials, such as
quantum dots (QDs), carbon nanotubes, and fullerenes, were under
investigation for their toxicity (Borm and Muller-Schulte, 2006;
Chan, 2006), fewer studies were concerned with the NPs produced
by degradable polymer materials. As the polymer NPs and pollutant
NPs share some common features, the study of pollutant NPs may
provide us with useful information concerning the safety issue of
polymer NPs. Several polymer materials were used for the prepara-
tion of nanocarriers for gene/drug delivery in our previous studies,
and the results demonstrated that the degradable polymer/lipids
could enhance the gene expression, cellular uptake, targeting or
improve the solubility and stability of drugs (Chen et al., 2009; Han
et al., 2008, 2009; Zhao et al., 2009).

As these nanomaterials possess unique physical and surface
properties, they have inspired plans for a wide spectrum of applica-
tions, such as target-specific vehicles for in vivo sensing, diagnosis,
and therapy (e.g., nanomedicine, drug delivery). However, after
entering into the body, they may cause toxicity such as cytotoxicity
and immune-toxicity because of the body distribution, change of
cellular affinity, as well as the increase of cellular uptake (Maurer-
Jones et al., 2009; Xia et al., 2008). For example, it was reported

that the ability of treated mice to establish a specific immune
response was markedly impaired when polybutylcyanoacrylate
nanoparticles (PBCN) were administered at high doses. The degree
of depression was in a dose-dependent manner (Simeonova et
al., 1998). Besides, the cytotoxicity of chitosan NPs was evaluated
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sing tumor cell line and it was found that these NPs elicited dose-
ependent inhibitory effects on the proliferation of tumor cell lines
Qi et al., 2005). Specifically, these unique properties may also
nduce neurotoxicity, damaging CNS in vivo and causing brain dis-
ases. Thus, there is an immediate need for researchers to address
he questions about the neurotoxicities of these nanoparticles, and
he neurotoxicity studies could provide a foundation for the fur-
her design and development of the drug delivery system (DDS)
sing NPs. Unfortunately, till now, the evaluation of nanoparticle
eurotoxicity is still limited. Thus, our understanding of the role
f nanoparticles on the CNS function is poor, and requires further
nvestigations.

In the evaluation of nanoparticle neurotoxicity, the morphology,
urface area, surface charge, coating, purity, material solubility, and
he materials which NPs are made up from are expected to play
ery important roles, and thus should be carefully considered. Also,
he dosage, administration route, concentration in the target organ,
uration of action, and the degradation time of the biodegradable
aterials are expected to be the most important and fundamental

roblems in the evaluation of nanoparticle neurotoxicology.
The intranasal application of nanoparticles has demonstrated

he potential for direct nose-to-brain transport of NPs. These neuro-
oxicity studies were mostly carried out in relation to an evaluation
f the toxicity of environmental nanoparticles/pollutants to the
NS (Mistry et al., 2009). From a drug delivery perspective, appli-
ation of nanoparticles using polymer system has shown greater
bility in delivering model drugs to the brain than a conventional
ormulation of the drug. However, several reports showed that
he nanoparticles or nanospheres produced by nontoxic degrad-
ble polymers still could induce the cytotoxicity or immue-toxicity
Maurer-Jones et al., 2009; Xia et al., 2008).

The toxic effects of these nanoparticles after they cross the BBB
ave not been examined in detail. Therefore, new investigations
ealing with the effects of several kinds of nanocarriers on the CNS
ith special regard to neurotoxicity are urgently needed.

The extent to which the effect of nanoparticles on CNS is
ostly observed in mice, the extrapolation of these data to humans

emains a big challenge, because the exposed dose, the genetic
actors, and the underlined mechanism for the transportation of
anoparticles may differ in human and mice.

Further studies in the nanoneurotoxicity studies should be
irected to the above mentioned questions and aimed at the estab-

ishment of a guideline for the evaluation of the nanoneurotoxicity.

cknowledgements

This work was supported in part by the National Natural Science
oundation of China (30873173 and 30973648), the National Basic
esearch Program of China (2009CB930300), and the 46th China
ostdoctoral Science Foundation (20090461389).

eferences

asso, U., Longo, F., Mansueto, G., 2001. Future trends in the treatment of brain
tumors. Padua, 16–17 March 2001. Tumori 87, A15–A36.

egley, D.J., 1996. The blood–brain barrier: principles for targeting peptides and
drugs to the central nervous system. J. Pharm. Pharmacol. 48, 136–146.

orm, P.J., Muller-Schulte, D., 2006. Nanoparticles in drug delivery and environmen-
tal exposure: same size, same risks? Nanomedicine 1, 235–249.

raydich-Stolle, L., Hussain, S., Schlager, J.J., Hofmann, M.C., 2005. In vitro cyto-
toxicity of nanoparticles in mammalian germline stem cells. Toxicol. Sci. 88,
412–419.

rooking, J., Davis, S.S., Illum, L., 2001. Transport of nanoparticles across the rat nasal

mucosa. J. Drug Target. 9, 267–279.

urch, W.M., 2002. Passage of inhaled particles into the blood circulation in humans.
Circulation 106, e141–e142, author reply e141–e142.

alderon-Garciduenas, L., Reed, W., Maronpot, R.R., Henriquez-Roldan, C., Delgado-
Chavez, R., Calderon-Garciduenas, A., Dragustinovis, I., Franco-Lira, M., Aragon-
Flores, M., Solt, A.C., Altenburg, M., Torres-Jardon, R., Swenberg, J.A., 2004. Brain
Pharmaceutics 394 (2010) 115–121

inflammation and Alzheimer’s-like pathology in individuals exposed to severe
air pollution. Toxicol. Pathol. 32, 650–658.

Calvo, P., Gouritin, B., Chacun, H., Desmaele, D., D’Angelo, J., Noel, J.P., Georgin, D.,
Fattal, E., Andreux, J.P., Couvreur, P., 2001. Long-circulating PEGylated poly-
cyanoacrylate nanoparticles as new drug carrier for brain delivery. Pharm. Res.
18, 1157–1166.

Campbell, A., Oldham, M., Becaria, A., Bondy, S.C., Meacher, D., Sioutas, C., Misra, C.,
Mendez, L.B., Kleinman, M., 2005. Particulate matter in polluted air may increase
biomarkers of inflammation in mouse brain. Neurotoxicology 26, 133–140.

Cengelli, F., Maysinger, D., Tschudi-Monnet, F., Montet, X., Corot, C., Petri-Fink, A.,
Hofmann, H., Juillerat-Jeanneret, L., 2006. Interaction of functionalized super-
paramagnetic iron oxide nanoparticles with brain structures. J. Pharmacol. Exp.
Ther. 318, 108–116.

Chan, V.S., 2006. Nanomedicine: an unresolved regulatory issue. Regul. Toxicol.
Pharmacol. 46, 218–224.

Chen, J.L., Hu, Y., Shuai, W.P., Chen, H.L., Liang, W.Q., Gao, J.Q., 2009. Telomerase-
targeting antisense oligonucleotides carried by polycation liposomes enhance
the growth inhibition effect on tumor cells. J. Biomed. Mater Res. B: Appl. Bio-
mater. 89B, 362–368.

Chen, Z., Chen, H., Meng, H., Xing, G., Gao, X., Sun, B., Shi, X., Yuan, H., Zhang, C., Liu,
R., Zhao, F., Zhao, Y., Fang, X., 2008. Bio-distribution and metabolic paths of silica
coated CdSeS quantum dots. Toxicol. Appl. Pharmacol. 230, 364–371.

Chow, K.M., Szeto, C.C., Hui, A.C., Wong, T.Y., Li, P.K., 2003. Retrospective review
of neurotoxicity induced by cefepime and ceftazidime. Pharmacotherapy 23,
369–373.

Colton, C.A., Gilbert, D.L., 1987. Production of superoxide anions by a CNS
macrophage, the microglia. FEBS Lett. 223, 284–288.

Corot, C., Petry, K.G., Trivedi, R., Saleh, A., Jonkmanns, C., Le Bas, J.F., Blezer, E., Rausch,
M., Brochet, B., Foster-Gareau, P., Baleriaux, D., Gaillard, S., Dousset, V., 2004.
Macrophage imaging in central nervous system and in carotid atherosclerotic
plaque using ultrasmall superparamagnetic iron oxide in magnetic resonance
imaging. Invest. Radiol. 39, 619–625.

Deng, X., Luan, Q., Chen, W., Wang, Y., Wu, M., Zhang, H., Jiao, Z., 2009. Nanosized zinc
oxide particles induce neural stem cell apoptosis. Nanotechnology 20, 115101.

Donaldson, K., 2006. Resolving the nanoparticles paradox. Nanomedicine 1,
229–234.

Donaldson, K., Mills, N., MacNee, W., Robinson, S., Newby, D., 2005. Role of inflam-
mation in cardiopulmonary health effects of PM. Toxicol. Appl. Pharmacol. 207,
483–488.

Donaldson, K., Stone, V., Borm, P.J., Jimenez, L.A., Gilmour, P.S., Schins, R.P., Knaapen,
A.M., Rahman, I., Faux, S.P., Brown, D.M., MacNee, W., 2003. Oxidative stress and
calcium signaling in the adverse effects of environmental particles (PM10). Free
Radic. Biol. Med. 34, 1369–1382.

Elder, A., Gelein, R., Silva, V., Feikert, T., Opanashuk, L., Carter, J., Potter, R., Maynard,
A., Ito, Y., Finkelstein, J., Oberdorster, G., 2006. Translocation of inhaled ultra-
fine manganese oxide particles to the central nervous system. Environ. Health
Perspect. 114, 1172–1178.

Farrer, L.A., 2001. Intercontinental epidemiology of Alzheimer disease: a global
approach to bad gene hunting. JAMA 285, 796–798.

Fischer, H.C., Chan, W.C., 2007. Nanotoxicity: the growing need for in vivo study.
Curr. Opin. Biotechnol. 18, 565–571.

Gao, X., Tao, W., Lu, W., Zhang, Q., Zhang, Y., Jiang, X., Fu, S., 2006. Lectin-conjugated
PEG–PLA nanoparticles: preparation and brain delivery after intranasal admin-
istration. Biomaterials 27, 3482–3490.

Goppert, T.M., Muller, R.H., 2005. Polysorbate-stabilized solid lipid nanoparticles as
colloidal carriers for intravenous targeting of drugs to the brain: comparison of
plasma protein adsorption patterns. J. Drug Target. 13, 179–187.

Greene, L.A., Tischler, A.S., 1976. Establishment of a noradrenergic clonal line of rat
adrenal pheochromocytoma cells which respond to nerve growth factor. Proc.
Natl. Acad. Sci. U.S.A. 73, 2424–2428.

Han, M., Chen, J.L., Hu, Y., He, C.L., Shuai, W.P., Yu, J.H., Chen, H.L., Liang, W.Q.,
Mayumi, T., Shinsaku, N., Gao, J.Q., 2008. In vitro and in vivo tumor suppres-
sive activity induced by human telomerase transcriptase-targeting antisense
oligonucleotides mediated by cationic liposomes. J. Biosci. Bioeng. 106, 243–
247.

Han, M., He, C.X., Fang, Q.L., Yang, X.C., Diao, Y.Y., Xu, D.H., He, Q.J., Hu, Y.Z., Liang,
W.Q., Yang, B., Gao, J.Q., 2009. A novel camptothecin derivative incorporated
in nano-carrier induced distinguished improvement in solubility, stability and
anti-tumor activity both in vitro and in vivo. Pharm. Res. 26, 926–935.

Hussain, S.M., Javorina, A.K., Schrand, A.M., Duhart, H.M., Ali, S.F., Schlager, J.J., 2006.
The interaction of manganese nanoparticles with PC-12 cells induces dopamine
depletion. Toxicol. Sci. 92, 456–463.

Kagan, V.E., Bayir, H., Shvedova, A.A., 2005. Nanomedicine and nanotoxicology: two
sides of the same coin. Nanomedicine 1, 313–316.

Kim, J.S., Yoon, T.J., Yu, K.N., Kim, B.G., Park, S.J., Kim, H.W., Lee, K.H., Park, S.B., Lee,
J.K., Cho, M.H., 2006. Toxicity and tissue distribution of magnetic nanoparticles
in mice. Toxicol. Sci. 89, 338–347.

Kim, Y.S., Kim, J.S., Cho, H.S., Rha, D.S., Kim, J.M., Park, J.D., Choi, B.S., Lim, R., Chang,
H.K., Chung, Y.H., Kwon, I.H., Jeong, J., Han, B.S., Yu, I.J., 2008. Twenty-eight-
day oral toxicity, genotoxicity, and gender-related tissue distribution of silver

nanoparticles in Sprague–Dawley rats. Inhal. Toxicol. 20, 575–583.

Kircher, M.F., Mahmood, U., King, R.S., Weissleder, R., Josephson, L., 2003. A
multimodal nanoparticle for preoperative magnetic resonance imaging and
intraoperative optical brain tumor delineation. Cancer Res. 63, 8122–8125.

Kleinman, M.T., Araujo, J.A., Nel, A., Sioutas, C., Campbell, A., Cong, P.Q., Li, H.,
Bondy, S.C., 2008. Inhaled ultrafine particulate matter affects CNS inflamma-



rnal of

K

K

K

K

K

L

L

L

L

M

M

M

M

M

M

N

O

O

O

O

O

P

P

Zhang, Q.Z., Zha, L.S., Zhang, Y., Jiang, W.M., Lu, W., Shi, Z.Q., Jiang, X.G., Fu, S.K., 2006.
Y.-L. Hu, J.-Q. Gao / International Jou

tory processes and may act via MAP kinase signaling pathways. Toxicol. Lett.
178, 127–130.

oziara, J.M., Lockman, P.R., Allen, D.D., Mumper, R.J., 2006. The blood–brain barrier
and brain drug delivery. J. Nanosci. Nanotechnol. 6, 2712–2735.

reuter, J., 2001. Nanoparticulate systems for brain delivery of drugs. Adv. Drug
Deliv. Rev. 47, 65–81.

reuter, J., 2004. Influence of the surface properties on nanoparticle-mediated trans-
port of drugs to the brain. J. Nanosci. Nanotechnol. 4, 484–488.

reuter, J., Alyautdin, R.N., Kharkevich, D.A., Ivanov, A.A., 1995. Passage of peptides
through the blood–brain barrier with colloidal polymer particles (nanoparti-
cles). Brain Res. 674, 171–174.

won, J.T., Hwang, S.K., Jin, H., Kim, D.S., Minai-Tehrani, A., Yoon, H.J., Choi, M., Yoon,
T.J., Han, D.Y., Kang, Y.W., Yoon, B.I., Lee, J.K., Cho, M.H., 2008. Body distribution
of inhaled fluorescent magnetic nanoparticles in the mice. J. Occup. Health 50,
1–6.

inkov, I., Satterstrom, F.K., Corey, L.M., 2008. Nanotoxicology and nanomedicine:
making hard decisions. Nanomedicine 4, 167–171.

ockman, P.R., Koziara, J.M., Mumper, R.J., Allen, D.D., 2004. Nanoparticle surface
charges alter blood–brain barrier integrity and permeability. J. Drug Target. 12,
635–641.

ong, T.C., Saleh, N., Tilton, R.D., Lowry, G.V., Veronesi, B., 2006. Titanium diox-
ide (P25) produces reactive oxygen species in immortalized brain microglia
(BV2): implications for nanoparticle neurotoxicity. Environ. Sci. Technol. 40,
4346–4352.

ong, T.C., Tajuba, J., Sama, P., Saleh, N., Swartz, C., Parker, J., Hester, S., Lowry, G.V.,
Veronesi, B., 2007. Nanosize titanium dioxide stimulates reactive oxygen species
in brain microglia and damages neurons in vitro. Environ. Health Perspect. 115,
1631–1637.

a, L., Liu, J., Li, N., Wang, J., Duan, Y., Yan, J., Liu, H., Wang, H., Hong, F., 2009. Oxidative
stress in the brain of mice caused by translocated nanoparticulate TiO2 delivered
to the abdominal cavity. Biomaterials 31, 99–105.

ates, J.M., Perez-Gomez, C., Nunez de Castro, I., 1999. Antioxidant enzymes and
human diseases. Clin. Biochem. 32, 595–603.

aurer-Jones, M.A., Bantz, K.C., Love, S.A., Marquis, B.J., Haynes, C.L., 2009. Toxicity
of therapeutic nanoparticles. Nanomedicine 4, 219–241.

edina, C., Santos-Martinez, M.J., Radomski, A., Corrigan, O.I., Radomski, M.W., 2007.
Nanoparticles: pharmacological and toxicological significance. Br. J. Pharmacol.
150, 552–558.

ichaelis, K., Hoffmann, M.M., Dreis, S., Herbert, E., Alyautdin, R.N., Michaelis, M.,
Kreuter, J., Langer, K., 2006. Covalent linkage of apolipoprotein e to albumin
nanoparticles strongly enhances drug transport into the brain. J. Pharmacol. Exp.
Ther. 317, 1246–1253.

istry, A., Stolnik, S., Illum, L., 2009. Nanoparticles for direct nose-to-brain delivery
of drugs. Int. J. Pharm. 379, 146–157.

el, A., Xia, T., Madler, L., Li, N., 2006. Toxic potential of materials at the nanolevel.
Science 311, 622–627.

berdorster, E., 2004. Manufactured nanomaterials (fullerenes, C60) induce oxida-
tive stress in the brain of juvenile largemouth bass. Environ. Health Perspect.
112, 1058–1062.

berdorster, G., Oberdorster, E., Oberdorster, J., 2005. Nanotoxicology: an emerging
discipline evolving from studies of ultrafine particles. Environ. Health Perspect.
113, 823–839.

berdorster, G., Sharp, Z., Atudorei, V., Elder, A., Gelein, R., Kreyling, W., Cox, C.,
2004. Translocation of inhaled ultrafine particles to the brain. Inhal. Toxicol. 16,
437–445.

livier, J.C., 2005. Drug transport to brain with targeted nanoparticles. NeuroRx 2,
108–119.

rringer, D.A., Koo, Y.E., Chen, T., Kopelman, R., Sagher, O., Philbert, M.A., 2009.
Small solutions for big problems: the application of nanoparticles to brain tumor
diagnosis and therapy. Clin. Pharmacol. Ther. 85, 531–534.
eters, A., von Klot, S., Heier, M., Trentinaglia, I., Hormann, A., Wichmann, H.E., Lowel,
H., 2004. Exposure to traffic and the onset of myocardial infarction. N. Engl. J.
Med. 351, 1721–1730.

isanic 2nd, T.R., Blackwell, J.D., Shubayev, V.I., Finones, R.R., Jin, S., 2007. Nanotoxi-
city of iron oxide nanoparticle internalization in growing neurons. Biomaterials
28, 2572–2581.
Pharmaceutics 394 (2010) 115–121 121

Qi, L., Xu, Z., Jiang, X., Li, Y., Wang, M., 2005. Cytotoxic activities of chitosan nanopar-
ticles and copper-loaded nanoparticles. Bioorg. Med. Chem. Lett. 15, 1397–1399.

Rahman, M.F., Wang, J., Patterson, T.A., Saini, U.T., Robinson, B.L., Newport, G.D., Mur-
dock, R.C., Schlager, J.J., Hussain, S.M., Ali, S.F., 2009. Expression of genes related
to oxidative stress in the mouse brain after exposure to silver-25 nanoparticles.
Toxicol. Lett. 187, 15–21.

Ramsden, C.S., Smith, T.J., Shaw, B.J., Handy, R.D., 2009. Dietary exposure to tita-
nium dioxide nanoparticles in rainbow trout (Oncorhynchus mykiss): no effect
on growth, but subtle biochemical disturbances in the brain. Ecotoxicology 18,
939–951.

Roney, C., Kulkarni, P., Arora, V., Antich, P., Bonte, F., Wu, A., Mallikarjuana, N.N.,
Manohar, S., Liang, H.F., Kulkarni, A.R., Sung, H.W., Sairam, M., Aminabhavi, T.M.,
2005. Targeted nanoparticles for drug delivery through the blood–brain barrier
for Alzheimer’s disease. J. Control. Release 108, 193–214.

Schroeder, U., Sommerfeld, P., Sabel, B.A., 1998. Efficacy of oral dalargin-loaded
nanoparticle delivery across the blood–brain barrier. Peptides 19, 777–780.

Screnci, D., McKeage, M.J., 1999. Platinum neurotoxicity: clinical profiles, experi-
mental models and neuroprotective approaches. J. Inorg. Biochem. 77, 105–110.

Segal, A.W., Abo, A., 1993. The biochemical basis of the NADPH oxidase of phagocytes.
Trends Biochem. Sci. 18, 43–47.

Sharma, H.S., 2007. Nanoneuroscience: emerging concepts on nanoneurotoxicity
and nanoneuroprotection. Nanomedicine 2, 753–758.

Sharma, H.S., Sharma, A., 2007. Nanoparticles aggravate heat stress induced cog-
nitive deficits, blood–brain barrier disruption, edema formation and brain
pathology. Prog. Brain Res. 162, 245–273.

Simeonova, M., Chorbadjiev, K., Antcheva, M., 1998. Study of the effect of poly-
butylcyanoacrylate nanoparticles and their metabolites on the primary immune
response in mice to sheep red blood cells. Biomaterials 19, 2187–2193.

Skaper, S.D., Floreani, M., Ceccon, M., Facci, L., Giusti, P., 1999. Excitotoxicity, oxida-
tive stress, and the neuroprotective potential of melatonin. Ann. N. Y. Acad. Sci.
890, 107–118.

Steiniger, S.C., Kreuter, J., Khalansky, A.S., Skidan, I.N., Bobruskin, A.I., Smirnova, Z.S.,
Severin, S.E., Uhl, R., Kock, M., Geiger, K.D., Gelperina, S.E., 2004. Chemotherapy
of glioblastoma in rats using doxorubicin-loaded nanoparticles. Int. J. Cancer
109, 759–767.

Takenaka, S., Karg, E., Roth, C., Schulz, H., Ziesenis, A., Heinzmann, U., Schramel, P.,
Heyder, J., 2001. Pulmonary and systemic distribution of inhaled ultrafine silver
particles in rats. Environ. Health Perspect. 109, 547–551.

Tin Tin Win, S., Yamamoto, S., Ahmed, S., Kakeyama, M., Kobayashi, T., Fujimaki,
H., 2006. Brain cytokine and chemokine mRNA expression in mice induced by
intranasal instillation with ultrafine carbon black. Toxicol. Lett. 163, 153–160.

Veronesi, B., Makwana, O., Pooler, M., Chen, L.C., 2005. Effects of subchronic expo-
sures to concentrated ambient particles. VII. Degeneration of dopaminergic
neurons in Apo E-/- mice. Inhal. Toxicol. 17, 235–241.

Wang, B., Feng, W.Y., Wang, M., Shi, J.W., Zhang, F., Ouyang, H., Zhao, Y.L., Chai,
Z.F., Huang, Y.Y., Xie, Y.N., Wang, H.F., Wang, J., 2007a. Transport of intranasally
instilled fine Fe2O3 particles into the brain: micro-distribution, chemical states,
and histopathological observation. Biol. Trace Elem. Res. 118, 233–243.

Wang, J., Rahman, M.F., Duhart, H.M., Newport, G.D., Patterson, T.A., Murdock, R.C.,
Hussain, S.M., Schlager, J.J., Ali, S.F., 2009. Expression changes of dopaminer-
gic system-related genes in PC12 cells induced by manganese, silver, or copper
nanoparticles. Neurotoxicology.

Wang, J., Zhou, G., Chen, C., Yu, H., Wang, T., Ma, Y., Jia, G., Gao, Y., Li, B., Sun, J., Li, Y.,
Jiao, F., Zhao, Y., Chai, Z., 2007b. Acute toxicity and biodistribution of different
sized titanium dioxide particles in mice after oral administration. Toxicol. Lett.
168, 176–185.

Xia, T., Kovochich, M., Liong, M., Zink, J.I., Nel, A.E., 2008. Cationic polystyrene
nanosphere toxicity depends on cell-specific endocytic and mitochondrial injury
pathways. ACS Nano 2, 85–96.
The brain targeting efficiency following nasally applied MPEG–PLA nanoparti-
cles in rats. J. Drug Target. 14, 281–290.

Zhao, Q.Q., Chen, J.L., Lv, T.F., He, C.X., Tang, G.P., Liang, W.Q., Tabata, Y., Gao, J.Q., 2009.
N/P ratio significantly influences the transfection efficiency and cytotoxicity of
a polyethylenimine/chitosan/DNA complex. Biol. Pharm. Bull. 32, 706–710.


	Potential neurotoxicity of nanoparticles
	Introduction
	The brain as a target for NPs
	Neurotoxicity studies of NP
	In vitro studies
	In vivo studies

	The mechanisms of neuron injury by ambient and metal NPs
	Future perspectives
	Acknowledgements
	References


